Visual neuroscience has traditionally focused much of its attention on understanding the response properties of single neurons or neuronal ensembles. The visual white matter and the long-range neuronal connections it supports is fundamental in establishing such neuronal response properties as well as visual function. This review article provides an introduction to measurements and methods to study the human visual white matter using diffusion MRI (dMRI). These methods allow us to measure the white matter micro-and macro-structural properties in living human individuals; they allows us to trace long-range connections between neurons in different parts of the visual system, and to measure the biophysical properties of these connections. We also review a range of findings from recent studies on connections between different visual field maps, on the effects of visual impairment on the white matter, and on the properties underlying networks that process visual information that supports visual face recognition. Finally, we discuss a few promising directions for future studies. These include new methods for analysis of MRI data, open data-sets that are becoming available to study brain connectivity and white matter properties, and open-source software for the analysis of these data.
Introduction
gether with computational tractography dMRI provides the first opportunity to measure white mat- 23 ter and the properties of long-range connections in the living human brain. We will refer to these 24 connections as "fascicles", an anatomical term that refers to bundles of nerve or muscle. surements in living brains demonstrate the importance of white-matter for human behavior, health 26 and disease (Fields, Thomas and 29 Baker, 2013). The white matter comprises a set of active fascicles that respond to human behav- 30 ior, in health and disease by adapting their density, their shape, and their molecular composition 31 and correspond to human cognitive, motor and perceptual abilities. 32 The visual white matter sustains visual function. In the primary visual pathways, action poten-33 tials travel from the retina via the optic nerve, partially cross at the optic chiasm, and continue via 34 3 1. The delineation of the relationship between visual field maps and the white matter connec- 48 tions between the maps. This section focuses on a test-case of the connections between 49 dorsal and ventral visual field maps. 50 2. The effects of disorders of the visual system on the visual white matter. This section focuses 51 on the changes that occur in the white matter in cases of peripheral and cortical blindness, 52 and on white matter connectivity that underlies cross-modal plasticity and residual vision 53 respectively in these cases. 54 3. The role that the visual white matter plays in visual discrimination of specific categories 55 of visual objects. In particular, this section focuses on the white matter substrates of the 56 perception of face stimuli. 57 Taken together, these three sections present multiple facets of dMRI research in vision science, 58 covering a wide array of approaches and applications. They all demonstrate the ways in which 59 studying the white matter leads to a more complete understanding of the biology of the visual 60 system: its structure, response properties and relation to perception and behavior. In the summary 61 of the review we will point out some common threads among these applications, point to a few of 62 the challenges facing the field, and the promise of future developments to help address some of 63 these challenges. 
Methods for in-vivo study of the human white matter
Figure 2: Inferences about white matter from measurements of water diffusion. A Micrograph of the human optic nerve. Left, bundles of myelinated axonal fascicles from the human optic nerve (image courtesy of Dr. George Bartzokis). Right, cartoon example of anisotropic water diffusion restriction by white matter fascicles . Water diffuses further along the direction of the "tube" (Pierpaoli and Basser, 1996) . B Example of diffusion-weighted magnetic resonance measurements in a single slice of a living human brain. The same brain slice is shown as imaged with two different diffusion weighting directions. Diffusion weighting directions are shown by the inset arrows. The white highlighted area indicates the approximate location of part of the OR. The longitudinal shape of the OR appears as a local darkening of the MRI image when the diffusion weighting gradient is aligned with the direction of the myelinated fascicles within the OR, right-hand panel estimate of the variance in diffusion in different direction (Pierpaoli and Basser, 1996) (Figure 3 ). 126 These statistics are useful for characterizing the properties of white matter and numerous studies 127 have shown that variance in these statistics within relevant white matter tracts can predict individ-128 ual differences in perception (Genç et al., 2011) , behavioral and cognitive abilities (e.g. (Yeatman 129 et al., 2011), and mental health (Thomason and Thompson, 2011) . A major advantage of the 130 DTM is that it can be estimated from relatively few measurement directions: accurate (Rokem 131 et al., 2015) and reliable (Jones, 2004) estimates of the tensor parameters require measurements 132 in approximately 30-40 directions, which requires approximately 10 minutes for a full-brain scan in 133 a clinical scanner. 134 The interpretation of tensor-derived statistics is not straight-forward. MD has been shown 135 to be sensitive to the effects of stroke during its acute phases (Mukherjee, 2005) , and loss of 136 nerve fascicles due to Wallerian degeneration and demyelination also results in a decrease in FA 137 (Beaulieu et al., 1996) . These changes presumably occur because of the loss of density in brain 138 tissue. The decrease in FA can be traced directly to the loss of myelin structure, which allows for 139 more diffusion of extra-cellular water. But FA also decreases in voxels in which there are crossing 140 fascicles (Pierpaoli and Basser, 1996; Frank, 2001 Frank, , 2002 , rendering changes in FA ambiguous. A 141 recent study estimated that approximately 90% of the white matter contains crossings of multiple 142 fascicles populations (Jeurissen et al., 2013) . Therefore, it is unwarranted to infer purely from high 143 FA measures of myelination or in some individuals that these individuals have higher "white matter 144 integrity" . 145 In an analogous issue, in voxels with crossing fascicles, the PDD will report the weighted av-146 erage of the individual fascicles directions, rather than the direction of any one of the fascicles 147 . These issues have led to increasing interest in models that represent mul-148 tiple fascicles within a voxel. Nevertheless, despite its limitations, the statistics derived from the 149 diffusion tensor model provide useful information about tissue microstructure. This model has 150 been so influential that "Diffusion Tensor Imaging" or "DTI" is often used as a synonym for dMRI.
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Figure 3: Diffusion tensor imaging The figure shows the three primary estimates of white matter organization derived from the diffusion tensor model measured in a single slice of a human brain (spatial resolution = 2 mm 3 , b-value = 900 s/mm 2 ). Mean diffusivity(MD, left) represents water diffusion averaged across all measured diffusion direction. The value is expected to be 3 µm 2 /msec for pure water (in body temperature) and indeeed, MD is close to 3 in the ventricles. Fractional anisotropy (FA, middle) represents the variability of diffusion in different directions. This value is unit-less, and bounded between 0 and 1 and it is highest in voxels containing a single dense fascicle, such as in the corpus callosum. The principal diffusion direction(PDD, right) is the direction of maximal diffusion in each voxel. It is often coded with a mapping of the X,Y and Z components of the direction vector mapped to R,G and B color channels respectively, and scaled by FA. Main white matter structures such as the corpus callosum (red, along the right-to-left x axis) and the corticospinal tract (blue, along the superior-inferior y axis) are easily detected in these maps.
Crossing fiber models
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One limitation of the diffusion tensor model that was recognized early on (Pierpaoli and Basser, 153 1996) is that it can only represent a single principal direction of diffusion. Starting with the work of 154 Larry Frank (Frank, 2001 (Frank, , 2002 , there have been a series of models that approximate the dMRI Left column. Diffusion signal for the green (top) and blue (bottom) locations rendered as 3D surfaces, with the color map indicating the intensity of the diffusion-weighted signal in each direction (red is low signal or high diffusion and yellow-white is high signal, or low diffusion). Middle column: The three-dimensional Gaussian distribution of diffusion distance, estimated from the DTM for the signal to the left. The major axis of the ellipsoid indicates the principal diffusion direction estimated by the tensor model, different for the two voxels. Right column: Fascicle orientation distribution function (fODF) estimated by a fascicle mixture model: the constrained spherical deconvolution (CSD) model (Tournier et al., 2007) from the signal to its left. CSD indicates several probable directions of fascicles. Colormap indicates likelihood of the presence of fascicles in a direction. C Top panel: Detail of the region highlighted in A (white frame) with example of two seeds randomly placed within the white matter and used to generate the fascicles in the bottom panel. Bottom panel: Fits of the CSD model to each voxel and two example tracks (streamlines) crossing at the location of the centrum semiovale.
Estimating white matter macrostructure: methods for tracking long-range brain fas-173 cicles and connections. 174 Computational tractography refers to a collection of methods designed to make inferences about 175 the macroscopic structure of white matter pathways ( Figure 5C ; (Jbabdi et al., 2015) : these al-176 gorithms combine models of the local distribution of neuronal fascicles orientation across multi-177 ple voxels, to "track" long-range neuronal pathways. These pathways are generally interpreted 178 as aggregated neuronal projections fascicles, rather than individual axons: brain "highways" that 179 connect distal brain areas, that are millimeters to centimeters apart. Below we describe tractog-180 raphy by dividing it into three major phases of analysis: initiation, propagation, and termination of 181 tracking.
182
Track initiation 183 The process of tractography generally starts by seeding a certain arbitrary number of fascicles 184 within the white matter tissue identified by methods for tissue segmentation (Fischl, 2012) . ing is generally initiated in many locations within the white matter volume. In several cases, fasci-186 cles are seeded within spatially constrained regions of interest. This is the case when the goal is 187 to identify brain connections by tracking between two specific brain areas . with higher probability, but they also generate tracks away from the principal directions with non-200 zero probability (code example: http://arokem.github.io/visual-white-matter/prob_track).
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Global tractography methods build streamlines that conform to specified 'global' properties or 
The Fascicle Detection Problem
213
Computational fascicle estimated using tractography should be considered as putative models of 214 the structure of neuronal fascicles. Tractography can and does make mistakes and we are far 215 from obtaining gold standard estimates of white matter anatomy and connections using these can provide ambiguous signals indicating fascicles configurations for both existing (black) and non-existing fascicles configurations (gray). Tracking algorithms allow identifying some existing fascicles (right-hand side of the red criterion line), but can miss others (blue highlight), and sometimes can track non-existing fascicles (yellow). B. Example of increasing sensitivity for detecting complex fascicles configurations. Left, lower resolution data (1.25 mm 3 ). Right, higher resolution data (0.7 mm 3 ). Increasing data resolution improves fascicles detection. This process is akin to changing d' in the distributions in A. C Given a fixed data resolution (1.5 mm3 in the example); (Takemura et al., 2016) ) changing tractography methods can allow detecting more fascicles, this is akin to a change in criterion in A. In the figure whereas using a conservative turning radius (2 mm) for the streamlines being generated does not allow capturing short-range u-fiber systems (green), using more liberal turning radius (0.5 mm) allows capturing fine details of the anatomy such as short range u-fibers (blue)
Comparing tracks and connections across individuals
293
Once white matter tracts and brain connections have been identified using tractography these 294 estimates have traditionally been analyzed in three ways: The second principle was discovered using functional MRI which has a large field of view and thus 345 can visualize large-scale topological organization of visual field maps. 
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One of the more puzzling findings described above is the consistent finding of reduced white 519 connectivity between occipital and temporal lobes and between occipital and superior frontal lobes, 520 given that occipital cortex shows enhanced responses to language as a result of blindness. One 521 possibility is that measured connectivity provides a misleading picture of actual connectivity be- In contrast, it has proved surprisingly difficult to obtain consistent results for measurements 587 of cortico-cortico connectivity across different studies. These discrepancies in the literature are 588 somewhat surprising given the gross differences in visual experience that occurs in early and 589 even late blind individuals. One possible explanation is that, as described above, most studies On the discrimination tasks, participants performed more poorly on the difficult trials, especially 706 in the face compared to the car condition. Of relevance though is that the older individuals, the 60-707 and 80-year-olds, made significantly more errors on faces than they did on cars, and performance 708 was almost at chance in the difficult condition. Given that there were age-related declines in the 709 micro-and macro-structural properties of the IFOF as well as in face perception behavior, our 710 final question was whether there was an association between these tract and behavioral deficits. (Crosby, 1962; Gloor, 1997 ) that propagates signals through ventral visual cortex between primary visual cortex and the anterior temporal lobe; and, from the finally, the inferior fronto-occipital fasciculus (IFOF), which begins in the occipital cortex, continues medially through the temporal cortex dorsal to the uncinate fasciculus, and terminates in the inferior frontal and dorsolateral frontal cortex (Catani et al., 2002) . B In typically developing individuals, there is a systematic age-related increase in the macro-structural properties of both the right and left ILF, which is measured here by the volume of the tract in cubic millimeters, across the first two decades of life. C We observed a joint structure-function correspondence between the size of the individually defined functional right fusiform face area and the volume of the right ILF, which held even when age was accounted for (Scherf et al., 2014) . D In typically developing adults, there is a systematic age-related decline in the micro-structural properties of both the right and left IFOF, as measured by the mean FA, indicating that it is disproportionately vulnerable compared to the ILF during the aging process. E Individuals who have a lifetime history of face blindness, an inability to recognize faces in spite of normal intelligence and sensory vision, have systematically smaller volume visual fiber tracts, particularly in the right ILF, as depicted here, compared to age-matched control participants. Together, these findings provide converging evidence that these two major tracts, the IFOF and the ILF, carry signals important for face perception. regions (Fields, 2013 (Fields, , 2004 . Only a few studies were devoted to understanding the relation of the 777 white matter to cognitive function. Similar to electrical cables, it was believed that the connections 778 in the brain were either intact and functioning, or disconnected. However, the pendulum started (Zhang et al., 2012) . However, the field is also struggling with the ambiguity 858 of these models (Jelescu et al., 2016) , and this is a very active field of research (Ferizi et al., 859 2016). The ultimate goal of the field in these efforts is to develop methods and models that help 860 infer physical quantities of the tissue that are independent of the measurement device. This goal 861 can already be achieved with other forms of MRI measurements, which we will discuss next. 
